Abstract. Differential scanning calorimetry (DSC) and time-resolved synchrotron X-ray diffraction have been used to investigate the dynamic crystallization behaviour and crystalline structure of novel nanocomposites based on isotactic polypropylene (iPP) and molybdenum disulfide inorganic nanotubes (INT-MoS 2 ). The influence of the INT-MoS 2 content and different cooling rates on the crystallization behaviour have been studied. The crystallization exothermic peak shifted to higher temperature, and the overall crystallization time was reduced by increasing the INT-MoS 2 . The dynamic crystallization kinetics was analyzed using the Ozawa-Avrami method, which was successful in describing the dynamic crystallization behaviour of these new nanocomposites. On the other hand, study of the nucleation activity using Dobreva method revealed that the INT-MoS 2 had an efficient nucleation effect on the monoclinic crystal-form of iPP. Moreover, this effect was corroborated by the results of the crystallization activation energy, calculated using Kissinger and Takhor methods, which also confirmed the fact that the addition of INT-MoS 2 made the molecular chains easier to crystallize, and increased the crystallization rate of iPP.
Introduction
The discovery of carbon fullerenes by Kroto, Smalley and Curl [1] in 1985 and later of carbon nanotubes by Iijima in 1991 [2] served as a turning point in the exploration of the potential of these nanostructures.. The development of these nanostructures is not limited to carbon and it was soon recognized that layered metal dichalcogenides such as WS 2 and MoS 2 could also form these genuine property. The first synthesis of such nanophases was reported by Tenne in 1992 and 1993, respectively [3, 4] , leading to the birth of a new field of inorganic chemistry, that is, one dealing with polyhedral (closed hollow) nanostructures. Since then, the number of articles related with the successful growth of inorganic nanotubes (INT) and fullerene-like (IF) nanoparticles from inorganic compounds with layered two-dimensional structures has increased rapidly, showing the importance of this field for nanotechnology [5, 6] . Various potential applications have been proposed for these nanophases due to their excellent solid lubrication behaviour, suggesting many applications in, for example, the automotive and aerospace industries, home appliances, and recently for medical technology
The unidirectional growth of materials to form nanowires or nanotubes has attracted enormous interest in recent years. Due to their many interesting properties (i.e. small dimensions, high anisotropy, and intriguing tube-like structures) carbon nanotubes (CNT) were found to be promising additives to polymeric materials leading to the enhancement of various properties of the resulting composites [14] [15] [16] . However, the fabrication of high quality composites often requires very pure starting material, good particle dispersion and strong interaction and adhesion between nanoparticles and polymer matrix. These requirements still pose great difficulties for CNT composites. For these reasons synthesis of alternative filler particle types, in particular inorganic nanotubes, becomes increasingly important. Recently, INT like-WS 2 are routinely synthesized in large amounts by ApNano Materials, Inc. (NanoMaterials, Ltd.) (http://www.apnano.com) [17] . The nanotubes are relatively long with respect to their diameter and it is this high aspect ratio property that gives them their unique strength and chemical properties. The process does not require a catalyst, and the precursors (tungsten oxide and H 2 S or sulfur) are relatively inexpensive. Therefore, the moderate cost of such nanotubes may afford numerous applications in the field of polymer nanocomposites.
In this context, in our previous investigation [18] we have successfully developed a new family of nanocomposites which integrated promising molybdenum disulfide nanotubes (MoS 2 ) in isotactic polypropylene (i.e. the most widely investigated polymer for use in the preparation and application of nanocomposites) by means of the most simple, cost-effective and ecologically friendly processing way (i.e. melt-processing route). The successful dispersion of INT-MoS 2 induced a remarkable improvement in the thermal and mechanical properties of iPP, without using modifiers or surfactants. The present work is particularly focused on the analysis of the dynamic crystallization behaviour of these nanocomposites to better understand the influence of INT-MoS 2 on the crystallization. It is well known that the properties of a crystalline polymer including the thermodynamic, physical or mechanical ones depend on the details of the structure and morphology that evolve from the melt. Thus, detailed investigation of the influence of INT-MoS 2 on the crystallization kinetics of iPP would give an insight into the structure-property-performance relationship of such nanocomposites 2. Experimental section 2.1. Materials and processing. The polypropylene (PP) used as matrix was an isotactic homopolymer, provided by REPSOL, with a polydispersity of 4.77, an isotacticity of 95% and a viscosity average molecular weight of 179,000 g/mol. The INT-MoS 2 were provided by NANOTUL (Slovenia) and have been synthesized using Mo 6 S 2 I 8 nanowires as precursor crystals by sulphurization [19] at 1073 K [20] . X-ray fluorescence analysis revealed Before collecting the data of crystallization, the samples were heated to 210ºC and held in the molten state for 5 min to eliminate the influence of thermal history. Then, the crystallization of the samples under dynamic conditions was carried out by cooling from 210ºC to 30ºC at 1, 2, 5, 10 and 20ºC/min. Partial areas, corresponding to a given percentage of the total transformation, were determined from the data points of the exotherm. For the estimation of the crystallinity of the samples, a value of 190 J/g for the melting enthalpy of 100% crystalline iPP was used [21] .
Small and Wide-angle X-ray scattering (SAXS/WAXS) experiments using synchrotron radiation were performed at the A2 beamline of the HASYLAB synchrotron facility (DESY, Hamburg). The experiments were performed with monochromatic X-rays of 0.15 nm wavelength using a germanium single crystal as the dispersing element. The scattering was 
Results and discussion
The crystallization rate of polymers is a very important property from an industrial point of view, as it affects the production time of thermoplastic goods. Crystallization is considered to occur in two steps, which is usually preceded by homogeneous nucleation, heterogeneous nucleation, or self-nucleation and then by growth of the crystal with crystallization time. For a crystallizable polymer, nucleation may caused by homogeneous or by heterogeneous (impurities, nucleating agent, or others), which can control the structure and physical properties of polymer. Therefore, overall crystallization behaviour of polymers can be analyzed by the observation of the rates of nucleation and growth or the overall rate of crystallization of polymers which can forecast relationship between the structures and preparation conditions of the polymers.
It is well known that the crystallization of polymers releases a significant amount of heat that makes DSC a preferred method for measuring the overall crystallization kinetics.
The measured rate of heat release is assumed to be proportional to the macroscopic rate of crystallization: (1) where Q c is the measured heat of crystallization. The value of Q c is calculated by integration of a DSC peak. The values of Q c can further be used to determine the crystallization rate, dx/dt , as well as the extent of the melt conversion:
The value of x(t) varies from 0 to 1 and represents the degree of conversion. The transformation from temperature to time is performed using a constant cooling rate φ:
where T is the temperature at time t and T i is the temperature at the beginning of crystallization. Figure 1 shows the typical dynamic crystallization thermograms obtained at various cooling rates for neat iPP and the iPP/INT-MoS 2 nanocomposite with an INT-MoS 2 content of 1wt. %. In both cases, the peak temperature (T p ), which corresponds to the maximum crystallization rate, shifts to lower temperature with increasing cooling rate. It is also seen the lower the cooling rate, the earlier the crystallization starts. On the other hand, Figure 2 presents the crystallization fraction or conversion as function of temperature.
According to Eq. 3, the value to T on X-axis in Figure 2 can be transformed into crystallization time as shown in Figure 3 . The lower the cooling rate, the larger temperature (time) range at which the crystallization occurs, which indicates that the transformation is nanocomposites. It is generally accepted that the addition of nanoparticles into the polymer matrix favors heterogeneous nucleation and thus is expected to make the molecular chains of polymer matrix easier to crystallize and increased the crystallization rate of composites in contrast to that of neat polymer (e.g. increase of peak crystallization temperature of polymer matrix). Such a result has already been found with other nanocomposite systems, such as nylon-6/clay [22] , PEN/Silica [23] , PEN/MWCNT [24] , iPP/SiO 2 [25] , iPP/IF-WS 2 [7] , nylon-6/SWNT [26] , iPP/MCWNT [27] and iPP/C 3 N 4 [28] . However, in some specific systems, we have observed that the incorporation of IF-WS 2 or modified SWCNTs induces a variation of the crystallization behaviour of polymeric materials like PEEK or PPS with increasing nanofiller content (i.e a drastic change from promotion to retardation and viceversa [10, 12, 29] ).
In order to quantitatively describe the evolution of crystallinity during dynamic crystallization a number of models have been proposed in the literature. In this investigation, the Lui method was tested.
3.3. Combined Ozawa-Avrami approach. A convenient approach adopted here for describing non-isothermal crystallization was the Liu model [30] . By combining the Avrami [31] and Ozawa [32] equations, a new treatment was proposed and proved to be suitable and convenient to handle the non-isothermal crystallization of poly(aryl ether ether ketone ketone) (PEEKK) as well as in other recently reported studies on PPS/IF-WS 2 [10, 11] and iPP/C 3 N 4 [28] . As the degree of conversion (x) was related to the cooling rate φ and the crystallization time t (or temperature T), the relation between φ and t could be defined for a given degree of conversion. Consequently, a new kinetic equation for dynamic crystallization was derived: , refers to the value of cooling rate chosen at unit crystallization time, when the system has a certain degree of crystallinity, α is the ratio of the Avrami exponents to Ozawa exponents (i.e. α=n/m). According to Eq. 4, at a given degree of conversion, the plot of lnφ vs. ln t gives a gives a series of lines as can be seen in Figure 5 . The good linearity of the plots verifies the advantage of the combined approach applied in this case. The values of f(T) and α are listed in Table 1 , from which one can read that the values of f(T) increase systematically with increasing relative crystallinity, indicating that at unit crystallization time, a higher cooling rate should be required in order to obtain a higher degree of crystallinity, whilst, the values of the parameter a are almost constant (eg. α iPP =1.35-1.50 and α 1wt.% INTMoS2 =1.12-1.15). However, the most important observation was the influence of INT-MoS 2 concentration on the value of f(T) of iPP for a particular degree of conversion. The value of f(T) for neat iPP is higher than that for nanocomposites, which implies that the composites
require a lower heating rate to approach an identical degree of crystalline transformation. In other words, the crystallization rate of the nanocomposites is lower than that of neat iPP. This result suggests that the presence of INT-MoS 2 acts as nucleating sites for the dynamic crystallization process of iPP [23] .
3.4. Nucleation ability. Dobreva and Gutzow [33, 34] developed a simple method for calculating the nucleation activity of foreign substrates in polymer melt. Nucleation activity (ϕ) is a factor by which the work of three-dimensional nucleation decreases with the addition of a foreign substrate. If the foreign substrate is extremely active, ϕ approaches 0, while for inert particles, ϕ approaches 1. For homogeneous nucleation from a melt near the melting temperature, the cooling rates can be written as: (5) while for the heterogeneous case, (6) (7) where φ is the cooling rate, A is a constant, and ∆T p is the degree of supercooling, i.e.
∆T p =T m -T p , and T p is the temperature corresponding to the peak temperature of the DSC crystallization curves. B is a parameter that can be calculated from the following equation: (8) where ω is a geometrical factor; σ is the specific energy, V m is the molar volume of the crystallizing substance, n is the Avrami exponent, ∆S m is the entropy of melting, k B is the Boltzman constant and T m 0 is the infinite crystal melting temperature. In Figure 6 , eqs. 5 and 6
are represented for neat iPP and its nanocomposites, considering a value of 196 ºC for the thermodynamic equilibrium melting temperature of iPP [8] . From the slopes of the linear 0.94 [25] ) and carbon nitrides C 3 N 4 (e.g. 0.82 [28] ) and is comparable to MWCNTs [27] .
3.5. Effective energy barrier. Crystallization activation energy, or effective energy barrier ∆E, can be used to estimate the growth ability of the chain segments. Considering the variation of the peak temperature T p with the cooling rate φ, ∆E could be determined as following:
2. Takhor model [36] (10)
where R is the universal gas constant. Figure 7 shows an example of the plots of Kissinger and Takhor models. Linearity of these plots was the most popular testing methods for the validity of the calculations of the effective energy barrier and the results of all iPP/INT-MoS 2 nanocomposites are listed in Table 1 . As can be seen, the isokinetic models of Kissinger and
Takhor based on one experimental point from each curve (the maximum of the crystallization peak) all showed that the nanocomposites had lower values of ∆E that of iPP. The addition of INT-MoS 2 caused a decrease in the ∆E which made the molecular chains of iPP easier to crystallize, and increased the crystallization rates due to the nucleation activity of the INT- 
